Barium cerate (BaCeO3) is one of the preferred additions to bulk YBa2Cu3O7 single-grain superconductors to inhibit the growth of Y2BaCuO5 particles. The present paper investigates synthesis of very fine barium cerate powder and its use in YBa2Cu3O7 bulk superconductor growth. The crystalline barium cerate was synthesized by oxalate co-precipitation from barium and cerium nitrates. X-ray diffraction in air and vacuum was performed to understand the formation of barium cerate as well as to determinate its crystal structure. Size and shape of BaCeO3 particles were studied by scanning electron microscopy. The BaCeO3 was used to grow YBa2Cu3O7 bulk superconductor. Microstructure of prepared YBa2Cu3O7 crystal shows that the barium cerate in the final product is very fine and uniformly distributed throughout the whole YBa2Cu3O7 crystal.
Introduction
Barium cerate has many possibilities of use in chemistry, one of which is an inhibitor of Y 2 BaCuO 5 (Y211) particles growth [1] during fabrication of YBa 2 Cu 3 O 7 (YBCO) bulk single-grain superconductors (BSS). The Y211 particles are very important microstructural elements in YBCO BSS because they provide effective pinning of magnetic flux lines [2] . Since the critical current density, J c , of the YBCO BSS is directly proportional to the volume fraction of Y211 particles and indirectly to their size, it is necessary to inhibit the growth of Y211 particles [3, 4] . It has been shown that Pt and Ce additions are effective inhibitors of Y211 particles growth [5, 6] . In practice, the addition of Ce is preferred, mainly because of its lower price. Cerium can be added in two forms and these are CeO 2 and BaCeO 3 . In both cases the powder addition is dissolved in the peritectic melt and inhibits the Y211 particles growth by the Ostwald ripening process [7] . Disadvantage of using CeO 2 is appearance of CuO in the final product due to reaction 2Y123 + 3CeO 2 ⇒ 3BaCeO 3 + Y211 + 5CuO.
(1) It results in a critical concentration of copper oxide, which stops the growth of Y123 crystal [7] [8] [9] . It has been also shown that addition of BaCeO 3 refines Y211 particles more effectively than CeO 2 [10] , but BaCeO 3 prepared by solid state reaction often leads to appearance of agglomerates of BaCeO 3 in the grown YBCO BSS. Our aim was to prepare very fine barium cerate powder, which would be uniformly distributed throughout the whole volume of the YBCO BSS product.
Experimental procedure
Synthesis of barium cerate was inspired by the synthesis described by Vinokurov et al. [11] . This synthesis * corresponding author; e-mail: verbova@saske.sk proceeds in two steps. The first step is preparation of oxalate precursor and the second one is its calcination. The oxalate precursor was prepared by the oxalate coprecipitation method from barium and cerium nitrates. As a co-precipitant ammonium oxalate was used. During stirring to the water/ethyl alcohol (4:1) solution of ammonium oxalate at 80°C, an aqueous solution of barium and cerium nitrates was added, which caused the instant formation of a white precipitate.
The precipitate -oxalate precursor -was filtered and air dried. As mentioned above, the second step is calcination of the precursor. As we wanted to study reactions going on during the synthesis from precursor to barium cerate, the calcination was executed in the high-temperature chamber of X-ray diffractometer (powder diffractometer Rigaku Ultima IV, Cu K α1,α2 radiation) at T = 25−1100
• C both in air and vacuum (≈ 2 × 10 −3 mbar). The X-ray diffraction (XRD) patterns were taken at selected temperatures. The rate of heating was 10
• C/min. The average size of coherent regions was determined from the XRD patterns by the Halder-Wagner methods [12] , where LaB 6 from NIST (SRM 660b) was used as a standard reference material. The prepared BaCeO 3 powder, in amount corresponding to 1 wt% CeO 2 , was added to starting charge of powders with nominal composition Y 1.5 Ba 2 Cu 3 O x . After mixing, milling in a friction mill and pressing into cylindrical pellets of 20 mm in diameter, YBCO BSS was fabricated by the top seeded melt growth (TSMG) process [13, 14] . Both the size and shape of BaCeO 3 crystallites, as well as microstructure of YBCO crystal were studied by scanning electron microscopy (SEM) by MIRA3 TESCAN microscope. Thermogravimetry measurement (TG) was executed by NETZSCH STA 449 F1 Jupiter.
Results and discussion
As mentioned above, the first step was preparation of oxalate precursor, whose XRD pattern and SEM image are depicted in Fig. 1a and b. As can be seen, the average size of platelet particles in small agglomerates is about 10 µm.
The second step was calcination of oxalate precursor. Our aim was to prepare nanoparticles of barium cerate, therefore the first calcinations were carried out up to 950
• C, both in air and vacuum. The calcination in vacuum was executed because of a lower partial pressure of generated gases over the sample, which could lead to formation of barium cerate phase at a lower temperature, with potentially smaller particles. The resulting XRD patterns of calcination both in air and vacuum are illustrated in Fig. 2a and b, respectively. As seen in the XRD patterns measured at 500
• C, the removing of organic components finished as was also confirmed by the results of thermogravimetry measurement (Fig. 3) . At the same time, new phases, barium carbonate and cerium oxide, started to form. In air (Fig. 2a) , the powder calcined at 650
• C was a mixture of the phases BaCO 3 and CeO 2 . The perovskite structure of barium cerate appeared at 950
• C. A different course of reactions was seen in the calcinations in vacuum (Fig. 2b) , where the perovskite structure of barium cerate started to form at 650
• C and became clearly dominant at 850
• C. X-ray powder diffraction of the samples calcined at 950
• C, both in air and vacuum, revealed that these samples were not fully single-phase. It seems that reactions between barium carbonate and cerium oxide were not complete. This assumption was confirmed by the results of thermogravimetry presented in Fig. 3 showing that decrease in weight finished at 1100 This stepwise weight decrease can be associated with a complex decomposition of barium carbonate. Several studies [15] [16] [17] found that decomposition of BaCO 3 took place in three steps with the participation of intermediate phases such as barium oxycarbonate and terminated at a temperature above 1000
• C. Therefore, the next calcinations were performed in a high-temperature chamber up to 1100
• C, both in air and vacuum. Figure 4 shows the resulting XRD patterns measured at T = 950−1100
• C, both in air and vacuum. Only small changes in diffraction patterns can be observed, which proves practically a single-phase barium cerate. 
Diffraction patterns of samples calcined at 1100
• C, both in air and vacuum, are depicted in Fig. 5 . LeBail refinement [18, 19] confirmed match of the measured data with the structural model of barium cerate in orthorhombic symmetry with space group P nma.
Besides the qualitative phase analyses, also the quantitative phase analyses of BaCeO 3 phase were performed by RIR method [20] . The quantitative proportion of barium cerate phase in the product is depicted in Fig. 6 . It can be seen that calcinations made in vacuum led to formation of BaCeO 3 at lower temperatures and nearly 100% BaCeO 3 was achieved above 1050
All calcined samples were also studied by scanning electron microscope. SEM analysis of samples calcined at 950
• C shows that the size as well as the shape of particles after thermal treatment is very similar to the size and shape of particles of oxalate precursor (Fig. 7) . The average size of barium cerate particles was about 10 µm. Further, we examined the size of coherent regions of barium cerate from the XRD patterns by the HalderWagner method [12] . The resulting values are listed in Table I and graphically illustrated in Fig. 8 . The average size of coherent regions was in the range of tens of nanometers. The same trend was also observed in the samples calcined at 1100
• C. Taking this into account, we suppose that the crystallites of barium cerate arise within the initial particles of the oxalate precursor as it is also confirmed by SEM image of the particle surface at higher magnification, where small nanoscale crystallites can be seen (Fig. 9) .
According to these results, we prepared barium cerate in such a way that oxalate precursor was calcined in tubular furnace in a moderate vacuum (700 mbar) with dwell 2 h (with temperature rising at the heating rate 100
• C/h up to the temperature of calcination). Thus prepared powder was added to the nominal mixture of powders. The distribution of crystallites in the grown YBCO BSS is presented in Fig. 10 .
As can be seen, crystallites of barium cerate were fine and uniformly distributed throughout the whole volume of the sample. This observation confirmed that large brittle BaCeO 3 polycrystalline particles were crushed during the milling process of powder mixture and homogeneously distributed in the pressed powder sample and in the final grown YBCO BSS, as well. 
Conclusions
Results of oxalate precursor calcination show that the calcination in vacuum leads to formation of barium cerate at lower temperatures with lower size of coherent regions of barium cerate phase.
Studying the samples using scanning electron microscope provided another important information, namely that the particles of barium cerate were very similar to the particles of the oxalate precursor, both in the size and shape, but the size of BaCeO 3 coherent regions was in tens of nanometers. By virtue of this fact we suppose that very fine particles of barium cerate arise within the initial particles of oxalate precursor.
We successfully synthesized pure BaCeO 3 from the oxalate precursor in vacuum in the form of polycrystalline particles. Addition of this powder led to homogeneously distributed fine BaCeO 3 crystallites in the YBCO BSS.
